Delineating the molecular basis of individual differences in the stress response is critical to understanding the pathophysiology and treatment of posttraumatic stress disorder (PTSD). In this study, 7 d after predator-scent-stress (PSS) exposure, male and female rats were classified into vulnerable (i.e., "PTSD-like") and resilient (i.e., minimally affected) phenotypes on the basis of their performance on a variety of behavioral measures. Genome-wide expression profiling in blood and two limbic brain regions (amygdala and hippocampus), followed by quantitative PCR validation, was performed in these two groups of animals, as well as in an unexposed control group. Differentially expressed genes were identified in blood and brain associated with PSSexposure and with distinct behavioral profiles postexposure. There was a small but significant between-tissue overlap (4-21%) for the genes associated with exposure-related individual differences, indicating convergent gene expression in both sexes. To uncover convergent signaling pathways across tissue and sex, upstream activated/deactivated transcription factors were first predicted for each tissue and then the respective pathways were identified. Glucocorticoid receptor (GR) signaling was the only convergent pathway associated with individual differences when using the most stringent statistical threshold. Corticosterone treatment 1 h after PSS-exposure prevented anxiety and hyperarousal 7 d later in both sexes, confirming the GR involvement in the PSS behavioral response. In conclusion, genes and pathways associated with extreme differences in the traumatic stress behavioral response can be distinguished from those associated with trauma exposure. Blood-based biomarkers can predict aspects of brain signaling. GR signaling is a convergent signaling pathway, associated with trauma-related individual differences in both sexes.
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predator stress | transcription regulation | NR3C1 | preventive treatment | psychiatry P osttraumatic stress disorder (PTSD) develops in only some persons who are exposed to extremely traumatic life events (1) . Animal models that focus on identifying different patterns and adaptations in the behavioral response to trauma are of particular clinical relevance (2) . Development of animal models can be accomplished by studying animals at the extremes of the behavioral response distribution (vulnerable vs. resilient). Along these lines, Cohen and Zohar developed an animal model of PTSD in which adult outbred rats are exposed briefly to predator-scent-stress (PSS), an ecologically valid stressor that mimics a life-threatening situation for a rodent (3) . This exposure resulted in animals displaying a widerange of behavioral and physiological responses to later provocations (3) . Statistically validated cut-off behavioral criteria (CBC) were used to classify exposed rats according to their performance on behavioral tests; for example, anxiety behavior in an elevated plus-maze (EPM) and arousal assessed as the acoustic-startle response (ASR): 25% of Sprague-Dawley rats display an extreme behavioral response (EBR, "PTSD-like" vulnerability), 25% a minimal behavioral response (MBR, resilience), and 50% a partial behavioral response (PBR) (3) .
This approach has been used to validate candidate biological markers identified in PTSD, such as the blunted glucocorticoid response to stress (4, 5) . The emergence of system-and genomewide approaches permits the opportunity for unbiased identification of novel pathways. Because PTSD is more prevalent in women than men (1) , and sex is a potential source of response variation to trauma in both animals (6) and humans (7), it is also critical to include both sexes in such studies.
In the present study, PSS-exposed male and female rats were behaviorally tested in EPM and ASR tests a week after PSS and divided in EBR and MBR groups [at this point, the behavioral response of the rats is stable in terms of prevalence of EBRs vs. MBRs (3)]. Genome-wide expression was evaluated 24 h after the behavioral testing in the amygdala, hippocampus, and blood, and the control (CON) group consisted of stress-naïve but behaviorally tested rats (Fig. S1A ). Data were analyzed with the aim at identifying differentially expressed genes (DEG) together with the respective transcription factors and signaling pathways in the brain, and their blood correlates. A candidate signaling pathway for PTSD, the glucocorticoid receptor (GR) signaling pathway (8) , was detected to be associated with exposure-related individual differences in this animal model, and preventive treatment targeting this pathway was then evaluated in both sexes (Fig. S1B) .
Results
According to previously defined CBC (3), 10 male (26.3%) and 12 female (28.6%) rats fulfilled criteria for EBR, and 10 males (26.3%) and 10 females (23.8%) were classified as MBR ( Fig. S1 C and D) . A χ 2 analysis indicated that sex did not affect
Significance
Because posttraumatic stress disorder (PTSD) occurs in a subset of trauma-exposed persons, expression profiling in the context of an animal model that focuses on individual differences in stress response permits identification of the relevant signaling pathways that lead to sustained impairment or resilience. The inclusion of blood and brain samples from both sexes is important because it allows the detection of convergent susceptibility pathways and concomitant identification of bloodbased biomarkers. The across tissue and sex involvement of glucocorticoid receptor signaling with exposure-related individual differences suggests that targeting this signaling pathway may lead to a promising therapeutic strategy in PTSD.
the prevalence of extremes in the behavioral response to PSS (χ 2 1, 80 = 0.087, not significant). Expression profiling in amygdala, hippocampus, and blood of EBRs, MBRs and CONs detected a comparable number of probes in both sexes (Fig. S2A) . The differential gene expression analysis identified multiple differentially expressed probes in all tissue and both sexes ( Fig. S2B and Dataset S1 A-F), which were validated ( Fig. S3 and Dataset S1G) by quantitative PCR (qPCR). There was a distinct distribution of differentially expressed probes for each tissue and sex.
The inclusion of unexposed-to-PSS rats together with exposed groups with extreme differences in phenotype permitted the identification of gene expression associated with stress-exposure and with exposure-related individual differences. The total number of DEG linked to individual differences differed in various tissues and in males and females (from 86 genes to 334 genes), representing 36.5-98.9% of the total DEG (Fig. S4A) . Furthermore, in general, vulnerability was associated with more DEG than resilience (Fig. S4 C-H) . The overlap of vulnerability-related and resilience-related genes was universally very small (0.0-2.4%), indicating that the vulnerability or resilience behavioral constructs were distinct at the trascriptome level.
Because of their limited overlap, the vulnerability-and resiliencerelated DEG were pooled in subsequent analyses because together they reflected exposure-related individual differences. An analysis comparing those genes between tissue in each sex separately revealed a small between-tissue overlap in both sexes [1.1-20 .9% for males, (Fig. 1A, Center) ; 0.6-16.4% for females (Fig. 1B,  Center) ]. Only CD93 was present in all three tissues (in females). In both sexes, the overlap between amygdala and hippocampus DEG was significant (P < 0.001). Additionally, the overlap between amygdala and blood DEG was significant in males (P = 0.009 for the amygdala gene pool, P = 0.016 for the blood gene pool), and between hippocampus and blood in females (P = 0.005 for the hippocampus gene pool, P = 0.031 for the blood gene pool).
Unsupervised hierarchical clustering of DEG associated with exposure-related individual differences in both amygdala and hippocampus revealed that the same experimental groups clustered together in both males (Fig. 1A , Right) and females (Fig. 1B,  Right) . The values of the EBR group clustered together and away from the respective values of the MBRs and CONs, indicating that likely, up-regulation or down-regulation of those genes was vulnerability-related in both regions. No such clustering was observed for the shared DEG between amygdala and blood (Fig. 1A , Left) or hippocampus and blood (Fig. 1B, Left) .
An upstream regulator analysis identified transcription factors in amygdala, hippocampus, and blood, respectively, for which activation/deactivation was associated with exposure-related individual differences in gene expression. The identified transcription factors were merged across sex, yielding 29 transcription factors in the amygdala (Dataset S2 A), 31 in the hippocampus (Dataset S2B), and 48 in the blood (Dataset S2C). The same analysis using the stress-exposure-associated DEG sets predicted other and overlapping transcription factors in all tissues (Dataset S2 A-C). A small portion of the transcription factors predicted by individual differences associated DEG sets regulates stress-exposure-associated DEG in amygdala (13.8%) and hippocampus (12.9%), and in the blood this portion is large (52.1%).
Seventy-three unique transcription factors were predicted to regulate DEG associated with individual differences (Dataset S2D), and a between-tissue overlap ( The independent submission of the amygdala, hippocampus, and blood transcription factors lists to GeneMania (9), a large functional association database, permitted the building of self-organizing gene networks in each tissue separately (for amygdala in Fig.   2A and Dataset S3A; for hippocampus in Fig. 2B and Dataset S3B; for blood in Fig. 2C and Dataset S3C), where all of the factors were interlinked at multiple levels (coexpression, genetic and physical interactions, common pathway, shared protein domains).
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The canonical pathway annotation (Ingenuity Pathway Analysis; IPA) of the 73 identified transcription factors (Dataset S2D) revealed that the blood-specific transcription factors belong in more canonical pathways (average 25) than the amygdala-specific (average 6) or the hippocampus-specific (average 5) factors, and that the GR signaling is the pathway including the highest portion of factors (19 of 73) (Fig. 3A and Dataset S4A). A canonical pathway enrichment analysis (IPA), using the amygdala, hippocampus, and blood transcription factor lists separately, uncovered multiple tissue-specific and across-tissue enriched canonical pathways. The amygdala transcription factor list predicted the enrichment of 178 signaling pathways with a significant Fischer's exact test P value and 171 pathways after a Benjamini-Holzberg multiple testing correction (top 10 in Fig. S5A and Dataset S4B). The respective numbers for the hippocampus list were 150 and 136 (top 10 in Fig. S5B and Dataset S4C), and for the blood list 199 and 198 (top 10 in Fig. S5C and Dataset S4D). To uncover the convergent across tissue and sex pathways, the amygdala, hippocampus, and blood-enriched pathways were compared using different statistical thresholds. At the least-strict statistical threshold, 118 pathways were shared by all tissue, whereas at the most-stringent threshold, only one pathway (GR signaling) remained common (Fig. 3B ). GR and GR-related pathways involvement in the PSS behavioral response in both sexes was confirmed in a follow-up study, where corticosterone (CORT) was intraperitoneally injected 1 h after PSS and behavior was tested 7 d later. A significant interaction effect between PSS-exposure and CORT-treatment (F 1, 24 = 6.2, P = 0.020) on time spent in the open arms of the EPM (Fig. 4A) was observed in males. CORT-treated exposed spent more time in the open arms than vehicle (VEH) -treated exposed rats (P = 0.017). The results were appreciably the same when the anxiety index was used as outcome measure (Fig. 4B) . In females, there were main effects of PSS-exposure (F 1, 23 = 7.4, P = 0.006), CORT-treatment (F 1, 23 = 4.9, P = 0.003), and their interaction at a trend level (F 1, 23 = 3.3, P = 0.081) on time spent on the open arms (Fig. 4A) . CORTtreated exposed spent more time in the open arms than VEHtreated exposed rats (P = 0.002). The results were similar when the anxiety index measure was used (Fig. 4B) . Thus, in both sexes, CORT preventive treatment was associated with lower anxiety behavior in PSS-exposed rats.
The reversal of the PSS-induced phenotype by CORT-treatment was also apparent in the ASR-test. In males, there were main effects of PSS-exposure (F 1, 24 = 12.6, P = 0.002), and trend level effects of CORT-treatment (F 1, 24 = 3.3, P = 0.080) and their interaction (F 1, 24 = 3.3, P = 0.080) on startle amplitude (Fig. 4C) . CORT-treated exposed startled less than VEH-treated exposed rats (P = 0.016). In females, the same effects were observed (PSS-exposure: F 1, 23 = 9.9, P = 0.005, CORT-treatment: F 1, 23 = 4.1, P = 0.052 and their interaction: F 1, 23 = 5.1, P = 0.033). CORT-treated exposed startled less than VEH-treated exposed rats (P = 0.005) (Fig. 4C) . CORTtreatment did not affect startle habituation in males (there was only a main effect of PSS-exposure: F 1, 24 = 10.2, P = 0.004). However, it affected startle habituation in females (PSS-exposure: F 1, 23 = 3.4, P = 0.077, interaction effect between PSS-exposure and CORT-treatment: F 1, 23 = 3.3, P = 0.051) (Fig. 4D) . CORTtreated exposed displayed greater habituation than VEH-treated exposed rats (P = 0.026).
Discussion
Examination of EBR, MBR, and CON groups permitted the identification of the gene expression signatures (genes, transcription factors, and signaling pathways) associated with vulnerable or resilient behaviors in blood and two stress-regulatory brain regions in both sexes. This approach has previously been used in the socialdefeat stress paradigm, where DEG were identified in the nucleus accumbens and ventral tegmental area in association with exposure-related individual differences (10) . In both studies, the small overlap between vulnerability-and resilience-related differential gene expression indicates the specificity of the identified DEG in their association with either extreme behavioral response. These findings may have a diagnostic value, particularly if one were to use gene-expression differences from CONs as a benchmark for judging direction in the diagnosis of phenotype.
Different numbers of genes were associated with vulnerability or resilience in males and females, whereas the prevalence of vulnerable and resilient phenotypes was similar in both sexes. The presence of sex differences in gene expression is consistent with numerous reports (11, 12) , but few studies compared males and females under the same provocation. In PTSD, sex differences have been noted in both prevalence (7) and gene expression profiles (13) . Pooling data across-sex allowed the identification of convergent upstream regulation and the respective signaling pathways associated with exposure-related individual differences and potentially blood-based biomarkers for PTSD risk and resilience that operate in both sexes.
The small, but significant, between-tissue overlap of DEG associated with individual differences revealed the existence of both tissue-specific and convergent across-tissue gene regulation and signaling. The GR signaling pathway was identified as one of the most convergent pathways associated with extreme differences in the behavioral response to PSS-exposure. It is noteworthy that, using an agnostic approach, this genome-wide expression study identified what careful hypothesis-driven research in human and animal studies also demonstrated (8, 14, 15) . GR signaling is hypothesized to be low before (16) or immediately after (5) trauma exposure in PTSD compromising stress-induced adaptation and making that time-window a potential target for prevention with glucocorticoids. A high dose of a natural or synthetic GR ligand shortly before or after stress exposure prevented PTSD-like phenotypes in the PSS model (4, 17, 18) or in another model of single stress exposure (19) . The behavioral rescue was accompanied by a recovery of stress-induced changes in the dendritic tree morphology in the dentate gyrus of hippocampus (18) and basolateral amygdala (19) . In this study, the effectiveness of secondary prevention with CORT in both sexes supported further the involvement of GR signaling in the development of the PSS behavioral response. High-dose CORT-treatment at a Table Viewer v0 .63-9 (http:// mkweb.bcgsc.ca/tableviewer/). Number of across-tissue enriched canonical pathways (B) in association with exposure-related individual differences at different statistical thresholds. The canonical pathways, significantly enriched (IPA) in the amygdala, hippocampus, and blood transcription-factor lists associated with exposure-related individual differences were compared. At the least-strict statistical threshold, -log(P value) = 1.3, 118 pathways were enriched in all three tissue types, whereas at the most stringent threshold possible, -log(P value) = 8.8, only GR signaling was still enriched (pink/purple datapoint).
critical poststress time-window may recalibrate GR responsiveness and GR signaling (15) but also affect other GR-dependent interrelated pathways. Consistent with this idea, previous data in men and women reflect that NFκB-signaling is up-regulated in PTSD (13) , and this could be prevented by glucocorticoids or other more specific inhibitors (20) .
Response variation in the PSS-model might be an outcome of a priori differences (in the genetic make-up or early-life experiences) or an interaction of a priori differences with the stress exposure. Because we used outbred rats, genetic differences are possible. Assaying gene expression and genetic variation simultaneously on a genome-wide basis could detect the more genetically driven expression quantitative trait loci associated with individual differences. Interestingly, inbred rats and mice, although genetically identical, show individual differences in the response to PSS (4, 21) . However, some of the inbred strains tested with the PSS protocol showed high prevalence of EBRs (e.g., 50% in Lewis, 55% in C57BL/6), and others (e.g., Fisher 344, DBA/2) showed lower rates (4, 21) . It is worth noticing that C57BL/6 mice displayed a similar prevalence of extreme response to PSS (21) and to chronic social-defeat stress (10), supporting the existence of a priori nongenetic differences that contribute to the behavioral response to stress independent of the genetic background or the nature/severity of the exposures. Early adversity can alter the epigenetic status of the GR or other stress regulatory genes and predict individual differences in the adult physiologic and behavioral stress response (22) , and this type of experiences might be a source of the response variation in the PSS-model as well. We have recently reported alterations in the methylation of a GR gene promoter in relation to PTSD (23) and its risk (24) .
Longitudinal assessment of gene expression and behavior in relation to the development of poststress phenotypes is necessary to delineate the predictive nature of molecular biomarkers. Apart from blood sampling or biopsy-collection issues, an additional difficulty in such an undertaking is that gene expression has to be assessed in the prestress samples of the whole population of rats, and not only in the animals that eventually display extreme differences in phenotype, to really demonstrate the predictive value of the identified biomarkers. This approach has been fruitful in PTSD animal models (25) , and also in human studies of PTSD where, for example, predeployment peripheral blood GR levels (16) or expression of immune genes (26) could predict postdeployment PTSD-risk and resilience.
The present data should be regarded in the context of recent studies with other animal models of PTSD or stress-related disorders that also studied expression patterns at long-term stress recovery and not only immediately after stress exposure. Two studies investigated differential gene expression in the amygdala during fear-conditioning based on previous experience of a homotypic (27) or heterotypic stressor (28) . Gene expression was also investigated in blood and brain tissue of mice exposed to an anxiogenic vs. an anxiolytic drug using the convergent functional genomics approach (29) . Another study examined withinbrain correlations of expression of mitochondrial and mitochondriarelated nuclear genes of rats exposed to inescapable stress (restraint stress with tail-shock) compared with unexposed CONs (30) . Finally, expression of blood and brain core modules (31) and hippocampal DEG (32) were associated with short-and long-term recovery to chronic social defeat and restraint stress, respectively. There are genes (e.g., FOS, IL1B, ITGB1, NFKBIA, SGK1) and signaling pathways (e.g., GR, cancer, inflammation, immune) that are common between these studies and ours, but the differences also reflect the different focus of each model (fear mechanisms, stress exposure, or individual differences).
In conclusion, blood and brain expression profiling using an animal model that captures individual differences of the traumaticstress response can distinguish genes and pathways associated with exposure-related individual differences from those associated with stress exposure per se. The data also illustrate that identification of blood-based biomarkers is possible using valid animal models and genomic tools. This report is an initial step in a longer process to fully unpack these important issues using replication, parallel genome-wide genetic, epigenetic, and expression analyses, and computational integrative methods. The GR signaling pathway in blood and brain is involved in exposurerelated individual differences in both sexes and glucocorticoidbased therapeutics immediately when trauma occurs or after PTSD occurs are both expected to be efficacious (15) .
Materials and Methods
Details are described in SI Material and Methods. The study was approved by the James J. Peters Veterans Affairs Medical Center Research & Development Committee.
Animals. All animal experiments were approved by the Ben-Gurion University of the Negev Institutional Animal Care and Use Committee, and procedures were carried out under strict compliance with ethical principles and guidelines of the NIH Guide for the Care and Use of Laboratory Animals. Adult male and female (50 and 53, respectively) Sprague-Dawley rats (175-225 g) were habituated to housing conditions for at least 10 d and handled once daily. Four same-sex rats were housed together in the vivarium with food and water ad libitum under stable temperature and a reversed 12-h light/dark cycle (lights off at 0800 hours). PSS-exposed rats were placed for 10 min on well-soiled cat litter (used by a cat for 2 d, sifted for stools) in a plastic cage (stress exposure), and CONs were exposed to unused litter for 10-min (sham exposure).
Experimental Design. Exp. I (Fig. S1A) . After an inescapable PSS or sham exposure (on day 0), rats were assessed behaviorally in the EPM and ASR tests on day 7. Animals were decapitated with a guillotine in a separate room from the one used for behavioral tests, 24 h after the last behavioral tests (between 1400 and 1430 hours) on day 8. Care was taken to minimize situational stress; the area was thoroughly cleaned between each decapitation and bodies removed. One-way ANOVA was used for the analysis of the behavioral data with PSS-exposure as the between subjects factor. Exp. II (Fig. S1B ). Rats were intraperitoneally injected with VEH (saline NaCl: 0.9%) or 25.0 mg/kg CORT (Sigma) 1 h after an inescapable PSS or sham exposure (day 0) and assessed behaviorally on day 7. The VEH or CORT solutions were freshly prepared in a volume of 1 mL/kg body weight. Twoway ANOVA was used for the analysis of the behavioral data with the PSS-exposure and CORT-treatment as the between-subjects factors. Behavioral Assessment. EPM and ASR tests were performed as previously described (4, 17) and CBC were used to classify PSS-exposed rats according to their behavior response on day 7 (3, 17) . Male and female behavioral data were analyzed separately, but with the same CBC. Within each sex, exposed rats were divided in three groups: EBRs, MBRs, and PBRs. The graphic representation of the behavioral data depicts the same type of behavioral clustering in males and females ( Fig. S1 C and D, respectively) .
DNA Microarray Analysis. Blood, amygdala, and hippocampus RNA of EBR, MBR, and CON rats was used for microarray analysis with the Rat Ref-12 Expression BeadChip (Illumina). RNA samples from males and females were run at the same time (blood: 8 arrays per group per sex, 48 arrays; brain: 5 arrays per group per sex per region, 60 arrays). Quality control was performed using the lumi R (www.R-project.org) package (33) . Because our primary interest was large expression changes, we removed poorly expressed genes. Detected probes were called for males and females separately (Fig. S2A) . Fewer probes were detected in blood (approximately 6,000) than in the brain (approximately 10,000), but there were similar numbers of probes in both sexes.
Differential Gene Expression. Data were log 2 -transformed and normalized using robust spline normalization and differentially expressed probes were identified using the Significance Analysis of Microarray (median false-discovery rate < 5%) considering the three pairwise group comparisons (EBR vs. MBR, EBR vs. CON, MBR vs. CON). The lists of the differentially expressed probes were further trimmed according to the log 2 ratios of group geometric means; only probes with ratios more than 0.3 (absolute value) were retained. The lists of differentially expressed probes were annotated by IPA (Ingenuity Systems, 2013 Summer Release) and can be found in Dataset S1 (males in A-C, females in D-F), and were unevenly distributed across tissue in both sexes (Fig.  S2B) . qPCR was performed to validate differential gene expression results using four biological replicates. See Table S1 for qPCR primers' target sequences and associated Universal Probe Library probes. Data analysis for qPCR was performed using qBase v2.5 (Biogazelle NV). The correlations between microarray data and qPCR data were high (R = 0.77-0.84, P < 0.001), when including DEG above the log 2 ratio cut-off, DEG below the log 2 ratio cut-off and non-DEG, and similarly high (R = 0.79-0.85, P < 0.001) when including only DEG above the cut-off (Fig. S3 A-C and Dataset S1G).
Because the study aimed to describe gene expression profiles associated with individual differences in the behavioral response to PSS, the differentially expressed probes were divided into probes associated with stress exposure (i.e., probes for which both EBRs and MBRs were different from CONs but not from each other, either both up-regulated or both down-regulated compared with CONs) and probes associated with exposure-related individual differences (Fig. S4A) . The latter were subdivided into probes associated with either vulnerability to a rat PTSD-like syndrome or resilience. For the vulnerability-related probes the following condition applied: "EBRs were different than MBRs and CONs"; for the resilience-related probes this condition applied: "MBRs were different than EBRs and CONs." The Venn-diagram template in Fig. S4B depicts the intersection and union of the vulnerability and resilience probe-sets. For the intersection (I-set), the following conditions applied: "EBRs were different from MBRs, and both EBRs and MBRs were different from CONs"; the union (U-set), as a whole, was related to exposure-related individual differences. The vulnerability-and resilience-related DEG were compared in each sex separately (amygdala in Fig. S4 C and D, hippocampus in Fig. S4 E and F, and blood in Fig. S4 G and  H) . Finally, the U-set sets were compared between-tissue and unsupervised hierarchical clustering analysis was performed for the DEG that belonged in the statistically significant overlaps determined by permutation tests in R.
Transcription Factor, Network, and Canonical Pathway Analyses. Transcription factor prediction was carried out with the Upstream Regulator Analysis (IPA) for the male and female DEG associated with stress exposure and exposurerelated individual differences. An across-sex transcription factor signature was constructed for amygdala, hippocampus, and blood by pulling together respective male and female predicted transcription factors (Dataset S3 A-C ). The transcription-factor lists associated with individual differences were then compared between-tissue, and submitted to Gene Network Analysis (9) and Canonical Pathway Analysis (IPA).
